This paper presents duty control and analysis of the three-phase voltage source inverter (VSI) to adjust the output power for three-phase wireless power transfer (WPT) applications. Analytical results show significant reductions in the inverter dc link ripple current with the three-phase system over single-phase WPT counterparts. Simulation and experimental results for an 18 kW three-phase series-series WPT system are included to validate the duty control and analysis. Experimental results also demonstrated the output voltage can be controlled over a wide range by adjusting the inverter duty.
I. INTRODUCTION
Three-phase wireless power transfer (WPT) systems can significantly increase the transmitter and receiver coil areal power density, leading to more compact transmitters and receivers compared to single-phase systems. Most of the threephase voltage source (VSI)-based WPT systems in published literature [1] - [5] operate in the six-step mode or a fix conduction-angle mode; thus requiring other means for controlling the power transferred to the load for variable load applications such as charging electric vehicle batteries. This paper discusses variable duty control of the three-phase VSI for adjusting the output power for WPT applications.
A comparative analysis of the three-phase VSI and singlephase full-bridge inverter under duty control for the dc link currents is presented. Analytical results show significant reductions in the inverter dc link ripple current with the threephase systems over the single-phase counterpart. This means a significant reduction in the dc link capacitance for the threephase inverter. Simulation results are included to validate the duty control and analysis. Moreover, an experimental threephase WPT system using three transmitter-receiver couplers with series-series compensation and a SiC inverter and a rectifier has been assembled and tested at a switching frequency of 83.5 kHz and output power levels for up to more than 18 kW using the variable duty control. Experimental results demonstrated the output voltage can be controlled over a wide range by adjusting the inverter duty while maintaining a fixed input voltage.
II. ANALYSIS OF THREE-PHASE AND SINGLE-PHASE INVERTERS UNDER DUTY CONTROL
A. Three-phase inverter Fig. 1 shows a three-phase VSI-based WPT system using loosely coupled transformers in (a) and switching waveforms for duty control for phase-a in (b). The top and bottom switches in each of the three phases are controlled in a complementary fashion. The phase voltage is determined by the duty of the top switches, defined as
where φ is the angular conduction duration of S1, S3, and S5.
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(a) (b) Fig. 1 . A three-phase VSI-based WPT system using loosely coupled transformers (a) and switching waveforms for duty control.
Fourier series for a given inverter dc bus voltage, Vdc1 and a radian switching frequency of ω as
For most resonant WPT systems, power transfer is dominated by the fundamental component, expressed by
Assuming the inverter output currents are sinusoidal with a root-mean-square (rms) value of Irms and a displacement power factor angle θ as expressed in (4) and illustrated in Fig. 2 , the dc component of the inverter dc link current, Iinv_dc can be found by (5) .
The inverter dc link current is discontinuous with d < 2/3 and continuous with d ≥ 2/3 as plotted in Fig. 2 . The rms value, Iinv_rms_3p and ripple current, Iinv_ripple_3p can be found using (6) and (7), respectively. inv_rms_3p   2   3  1  3  2  sin  cos  for  2  2  3   3 3  1  2  1  cos  cos  for  2 3 
B. Single-phase inverter
For a single-phase full-bridge inverter-based WPT counterpart to produce the same output power as the threephase inverter at the same inverter dc bus voltage, the singlephase inverter output current must have an rms value of 3Irms/2 at the same power factor, as expressed in (8). Fig. 3 illustrates the single-phase inverter operating waveforms for duties of d < 1. The rms value, Iinv_rms_sp and ripple current, Iinv_ripple_sp of the dc link current can be found using (9) and (10), respectively. Fig. 4 plots a comparison of the RMS and ripple currents of the three-phase and single-phase inverter dc link currents normalized with the three-phase current, Irms as a function of the duty at a power factor of cosθ=0.95. The normalized currents decrease with increasing duty for the three-phase inverter but increase for the single-phase inverter. Moreover, significant reductions (52 % to 82 % as the duty increasing from 0.6 to 1) in the inverter dc link ripple current are shown in the three-phase systems over the single-phase counterpart. This can translate to a significant reduction in the dc link capacitance for the three-phase inverter. 
III. SIMULATION RESULTS
A simulation study was carried out for a three-phase VSIbased WPT with series-series compensation (as shown in Fig.  5 ) under duty control. Parameters for the resonant network components are the average values of those for an experimental Fig. 5 . A three-phase VSI-based WPT system using series-series resonant networks. system, whose parameters are given in Table I in section IV. A constant resistor of 3.62 Ω was used as the load in the simulation study with a dc input voltage of Vdc1=220 V. Figs. 6, 7 and 8 show simulated operating waveforms for the inverter output voltages, vaN1, vbN1, and vcN1, currents, ia, ib, and ic, dc link current, Iinv, the WPT output voltage, Vbatt and current Ibat, the secondary rectifier input voltages, vxN1, vyN1, and vzN1, currents, ix, iy, and iz at duties of 1, 0.8 and 0.5, respectively. The inverter output and rectifier input voltages are referenced to the respective negative dc bus instead of the midpoint. The WPT output dc voltage, Vbatt is increased from 180 V at a duty d=0.5 to 255V at d=0.8, and to the maximum 268 V at d=1, resulting in an increase of 100 % and 122 % in the output power. It is also noted the rectifier input voltages are always at 50 % duty regardless of the inverter duty. 
IV. EXPERIMENTAL RESULTS
An experimental system was constructed using three circular transmitter-receiver couplers with the transmitter coils connected to a 3-phase inverter and the receiver coils connected to a three-phase rectifier through a series compensation capacitor network. The coil design ( Fig. 9 (a) ) uses circular coils of Litz cable over a soft ferrite structure and a non-magnetic case. The coils have a very low profile and an outer diameter of 330 mm. All of the coils are identical and wound with 7 turns of 6 AWG jacketed Litz wires. Their selfinductance is around 25.2 µH each for both the transmitter and receiver coils. Each coupler is compensated with a 0.15 µF resonant tuning capacitor connected in series with the coils which results in a resonant frequency around 81.7 kHz. The primary and secondary coils are separated by a fixture adjustable to change the coil air gaps. Table 1 gives measured self and mutual inductance values of the transmitter and receiver assembly at a surface-to-surface magnetic air gap of 127 mm (165mm from surface of secondary to the ground level). There are imbalances in the measured values do to small variations in the coil structures and relative positions. The three-phase inverter ( Fig. 9 (c) ) employs three dualswitch SiC MOSFET phase-leg power modules, CAS325M12HM2 manufactured by Wolfspeed/CREE. The modules are rated at 1200 V/256 A (175 °C). The control system of the inverter is implemented with a Texas Instruments TMSF320F28335PGFA DSP module for the control of the switching signals at desired dead-band, switching frequency, and duty-cycle parameters. For testing purposes, the inverter is controlled and monitored via a CAN interface through a host computer. The three-phase rectifier is realized using the SiC Schottky barrier diodes of the same Wolfspeed/CREE MOSFET modules.
The three-phase WPT system under duty control was successfully tested with a resistor load of 3.62 Ω and a fixed inverter input voltage of 220 V. Fig. 10 shows typical operating waveforms for the inverter phases a and b voltages vaN1, vbN1, currents, ia, ib, and rectifier input phase-x voltage vxN2, and current ix, at inverter duties, d=0.2 in (a), d=0.5 in (b), and d=1 in (c). The waveforms clearly indicate the rectifier voltage and current decrease as the inverter duty decreases. Fig. 11 plots the measured voltage gain and output power vs. inverter duty, indicating a wide range of the WPT output voltage under duty control.
V. CONCLUSIONS
It is shown through the inverter duty control analysis that the duty control of the three-phase VSI is effective to adjust the output voltage and power for three-phase VSI-based WPT applications. It is also shown that the three-phase system yields significant reductions in the inverter dc link ripple current over the single-phase counterpart. This means a significant reduction in the dc link capacitance for the three-phase inverter. The inverter duty control and analysis are validated by simulation and experimental results for a three-phase WPT system using three transmitter-receiver couplers with seriesseries compensation and a SiC inverter and rectifier. 
